Fusaric acid (FA) is a key component in virulence and symptom development in cotton during infection by Fusarium oxysporum. A putative major facilitator superfamily (MFS) transporter gene was identified downstream of the polyketide synthase gene responsible for the biosynthesis of FA in a region previously believed to be unrelated to the known FA gene cluster. Disruption of the transporter gene, designated FUBT, resulted in loss of FA secretion, decrease in FA production and a decrease in resistance to high concentrations of FA. Uptake of exogenous FA was unaffected in the disruption transformants, suggesting that FA enters the cell in Fusarium by an independent mechanism. Thus, FUBT is involved both in the extracellular transport of FA and in resistance of F. oxysporum to this non-specific toxin. A potential secondary resistance mechanism, the production of FA derivatives, was observed in FUBT deletion mutants. Molecular analysis of key biochemical processes in the production of FA could lead to future host plant resistance to Fusarium pathogens.
INTRODUCTION
The host non-specific toxin fusaric acid (FA; 5-butylpicolinic acid) is produced by many species of Fusarium, including the cotton pathogen Fusarium oxysporum f. sp. vasinfectum (Fov). FA has been found to play an important role in virulence of Fov , but the mechanism of its toxicity and wilting symptoms in plant infection is poorly understood. Modification of plant cell membrane potential (Gaumann, 1958; Pavlovkin, 1998) , ATP synthesis inhibition (D'Alton & Etherton, 1984; Köhler & Bentrup, 1983) , zinc and iron chelation (Chakrabarti & Ghosal, 1989) and electrolyte leakage (Marrè et al., 1993) were all found to be associated with FA toxicity. More recently, symptoms such as chromatin condensation, cytochrome c release, DNA fragmentation and hydrogen peroxide accumulation were observed when cell cultures from saffron and tobacco were treated with FA, indicating the possible involvement of programmed cell death in FA toxicity (Jiao et al., 2013; Samadi & Shahsavan Behboodi, 2006) . Strains of Fov producing abundant amounts of FA have been reported to have a negative effect on cotton production both in the USA (Kim et al., 2005) as well as Australia (Davis et al., 2006) . The threat of these strains to cotton production has made the understanding of FA biosynthesis at the molecular level an important area of study.
Recently, a polyketide synthase (PKS) gene was disrupted in an isolate of Fov producing prodigious amounts of FA . The transformant was deficient in FA production and exhibited less disease symptoms during cotton infection. A homologous PKS gene from F. verticillioides (referred to as FUB1) was confirmed to be involved in FA production by expression data and gene disruption (Brown et al., 2012) . In Fusarium fujikuroi, a rice pathogen, FUB1 through FUB5 were disrupted, and both FUB1 and the predicted serine hydrolase, FUB4, were shown to be essential for biosynthesis of FA (Niehaus et al., 2014) . Homologous FUB1 and FUB4 genes are located in proximity to each other in Fov. In fungi, genes responsible for the biosynthesis of secondary metabolites are frequently located within a cluster Yu & Keller, 2005) . These gene clusters commonly include one or more transporter genes. Based on this premise, genes surrounding FUB1 and FUB4 were evaluated and a gene (FUBT) with an amino acid sequence similar to the major facilitator superfamily (MFS) of transporters was located in proximity to the biosynthesis genes.
Several studies indicate that genes predicted to encode MFS and ABC transporters are often involved in metabolite accumulation and self-defence of the producing organism against the toxin (Del Sorbo et al., 2000; Gardiner et al., 2005a) . This mode of self-protection has been evaluated for the trichothecene, HC-toxin and cercosporin transporters Tri2 (Alexander et al., 1999) , TOXA (Pitkin et al., 1996) and CFP (Callahan et al., 1999; Upchurch et al., 2001) , respectively. In this report, we describe the function of FUBT by characterizing disruption transformants to further explore the molecular basis of FA production in Fov and evaluate the role of FUBT in self-resistance to FA.
METHODS
Strains and culture conditions. The WT Australian biotype Fov isolate AuK24232 (VCG01111) and FUBT disruption transformants were maintained on potato dextrose agar (PDA) at 27 uC. To obtain mycelia for DNA extraction, potato dextrose broth (PDB) was inoculated with 1610 6 conidia obtained from 4-day-old cultures. PDB cultures were grown for 3 days, filtered through miracloth (Calbiochem), and tissue was frozen for later extraction. To test production of FA and expression of FUBT, Czapek-Dox broth supplemented with either 0.08 mg zinc ml 21 (CD) or 10 mg zinc ml
21
(CDZ) was inoculated with two 3 mm plugs from the growing edge of a colony and incubated at 27 uC and 135 r.p.m. in an incubator shaker.
Characterization of FUBT. A predicted transporter gene located adjacent to the PKS gene responsible for the biosynthesis of FA was amplified and sequenced with two primers (Fv66750F 59AAA-ACACCGCGGACAATTC 39 and Fv64586R 59GACGTGTCTTGAAA-TGTCTAAACTG 39) designed using a homology based strategy with the Fusarium verticillioides 7600 and Fusarium oxysporum f. sp. lycopersici 4287 genome sequences (http://www.broadinstitute.org/ annotation/genome/fusarium_group/MultiHome.html). To identify the location of exons, the coding region was amplified from cDNA and sequenced. The cDNA was synthesized from RNA using a Super SMART PCR cDNA Synthesis kit (BD Biosciences). RNA extraction is described in a later section. All sequencing reactions were performed using a BigDye terminator kit version 3.1 (Perkin-Elmer) and analysed on an ABI PRISM 3100 genetic analyser (Applied Biosystems) at the Texas A&M Gene Technology Laboratory. Sequences were edited and aligned using Sequencher version 4.2 (Gene Codes) and deposited in GenBank (accession numbers KM435073 and KM435074).
Gene disruption and fungal transformation. For FUBT disruption, the one-step construction of Agrobacterium-recombinationready-plasmids (OSCAR) method was used to construct the transformation plasmids utilizing a Gateway cloning technique (Paz et al., 2011) . The resulting plasmid (pOSCAR-FATR) was transformed into AGL-1. Primers listed in Table S1 (available in the online Supplementary Material) were used to amplify 697 bp of the upstream/59 end of the gene and 750 bp of the downstream/39 end of the gene.
Agrobacterium mediated transformation was used to disrupt FUBT in the WT strain using a previously described protocol (Mullins et al., 2001 ) with a few modifications. Cells of A. tumefaciens were grown at 28 uC for 2 days in 1 ml LB supplemented with spectinomycin (100 mg ml 21 ). After 100 ml of bacterial cells were transferred into 900 ml of induction medium containing 200 mM acetosyringone (AS), bacteria were grown overnight at 28 uC. For co-cultivation, freshly harvested conidia of Fov were used. After mixing equal volumes of Fov (1610 6 conidia ml 21 ) and A. tumefaciens cells, 200 ml of the mix was spread on a sterilized 0.45 mm pore cellulose membrane. Following co-cultivation at 25 uC for 24 h, the membranes were cut into strips and transferred to CD amended with 75 mg hygromycin B ml 21 , 50 mg tetracycline ml 21 and 100 mg chloroamphenicol ml
(CHCTZ) to select transformants. One week later, individual hyphae grown from the membrane were transferred to CHCTZ. After three rounds of growth on CHCTZ, strains were screened for gene disruption by PCR.
Confirmation of gene disruption. Stable and viable transformants were screened by PCR (see Table S1 for primers) for the presence of the insertion in the correct position and the absence of the WT gene sequence. Three transformants (A15, H19, and I31) were positive for proper insertion of disruption cassette but still contained the complete FUBT coding sequence. Transformants were subsequently subjected to one round of single-sporing on PDA containing 75 mg hygromycin B ml 21 . The single-spored isolates were rescreened by PCR and found to be lacking the complete open reading frame.
Disruption transformants were further analysed by Southern blotting. Genomic DNA from the three mutants and WT Fov were digested using Btg1 and BamHI and transferred to a nylon membrane (Roche). A 678 bp probe was amplified using Fv1117F 59 TTCGCTGCGTT-TCCCATCGT 39 and Fv1775R 59 TCATGGCGTCATCTTCAGTC 39, followed by DIG-labelling and hybridization to the membrane using a DIG-High Prime DNA Labelling and Detection Starter kit II (Roche) per the manufacturer's instructions. Membranes were developed with Amersham Hyperfilm ECL (GE Healthcare).
RNA extraction and expression analysis. Mycelia from CD cultures were filtered through miracloth (Calbiochem) and ground in liquid nitrogen. RNA was extracted from tissue using an RNeasy Plant Mini kit (Qiagen). Five micrograms of RNA were denatured and resolved in 1 % agarose TAE gel for Northern blotting (Masek et al., 2005) . A 242 bp DIG-labelled probe was amplified using Fv1659F 59CCTGTGTCCCCTTTCCCTTCCT 39 and Fv1879R 59 CTCTGAG-TTATACTCGCTCTGTTTGA 39. The gel was transferred, hybridized and visualized using the same protocol used for Southern blotting.
Quantitative real-time PCR (qPCR) was performed to examine expression of FA biosynthesis genes, FUB1 and FUB4, in the FUBT gene deletion mutants when compared to WT. Residual DNA from extracted RNA was removed by the use of a DNA-free TM DNase Treatment and Removal kit (Ambion). The resulting RNA was used for synthesis of cDNA using M-MLV reverse transcriptase (Invitrogen) and oligo(dT) primers (Ambion). The real-time qPCR was performed in a 25 ml reaction containing cDNA, 16 Fast Sybr Green Master Mix (Applied Biosystems) and primers for FUB1, FUB4 or the reference gene beta-tubulin (Bt) (Table S1 ) with a Mx3000P QPCR System (Agilent Technologies). Data were analysed using three biological replicates, and the absence of primers dimers was confirmed by creation of a dissociation curve. The expression of each gene was normalized using the formula 2
2(DDCT)
, as per the manufacturer's instructions.
Measurement of growth, conidiation and conidial germination.
Growth rates of fungal strains were determined by inoculating 3 ml of 10 7 spores ml 21 suspension to the centre of a PDA, CD or CDZ plate. Colony diameters were measured after 5 days. For conidial germination measurements, spore suspensions containing 100 conidia of each isolate were spread on PDA, CD or CDZ plates and incubated at IP: 54.70.40.11
On: Mon, 26 Nov 2018 20:35:54 27 uC for 48 h. Resulting colony numbers were recorded. Conidiation was measured by plating 100 ml of 10 3 spores ml 21 on PDA, CD or CDZ, and after 4 and 10 days of growth, a 3 mm plug was removed from each plate and suspended in 1 ml of water. Number of spores in the suspension was determined with a haemocytometer. Each experiment consisted of three biological replicates and was repeated twice.
HPLC analysis. Culture filtrate was centrifuged and subjected to analysis using a computer-controlled Agilent Technologies HPLC instrument (Waldbronn) equipped with a 1200 solvent degasser, 1200 quaternary pump, 1100 autosampler, 1100 diode array detector (DAD) and Rev.B.04.02 ChemStation-3D software. The analysis method used an Agilent Zorbax Eclipse XDB-C18 (5 mm, 4.6 mm 6 150 mm) column and an isocratic mobile phase of 15 % acetonitrile (ACN) and 85 % H 2 O (both containing 0.2 % formic acid) run at 0.80 ml min 21 for 15 min. The chromatogram signal was monitored at 275 nm (bandwidth, 20 nm) referenced to 550 nm (bandwidth, 100 nm). Spectra were collected over 190-600 nm. The injection volume used was 5 ml. Using this method, FA appeared at 5 min.
FA quantification and intracellular accumulation. Mycelial plugs were inoculated into CD or CDZ, with or without 200 mg FA ml
21
. Every 24 h for 4 days, 100 ml of culture was centrifuged to remove tissue and the culture filtrate was stored at 4 uC until HPLC analysis was carried out. Tissue collected from CD cultures from day 5 was ground in liquid nitrogen, and FA was extracted by suspending the macerated tissue in 80 : 20 acetone:water, pH 3.2. The tissue was removed by centrifugation and the extract was subjected to HPLC analysis to quantify the intracellular concentration of FA.
FA toxicity assay. The least amount of variation in growth between WT and disruption transformants was observed on PDA, which was used to test the sensitivity of these strains to exogenous FA. PDA supplemented with 0, 50, 100, 150, 200, 300, 400 or 500 mg FA ml 21 was inoculated with a plug from the edge of an actively growing colony on a PDA plate. The diameter of the colony was recorded every 24 h.
Measurement of fusarinolic acid (HOFA) production in culture filtrate. The ability of secreted proteins to convert FA to HOFA was determined by filtering the hyphae and conidia from the culture filtrate of a 72 h CDZ culture of the FUBT mutant I31, initially inoculated with 200 mg FA ml 21 . Cultures were shaken at 150 r.p.m. at 27 uC. Samples were taken for HPLC analysis. Another 200 mg FA ml 21 was added to the culture filtrate and the samples were incubated under the same conditions used for growth. Every 24 h, for a total of 96 h, samples were taken for HPLC.
RESULTS

FUBT is predicted to encode a transporter
The FUBT open reading frame is located 11 genes downstream from FUB1 (Fig. S1 ). The 1879 bp sequence contains two predicted introns at 715 bp and 1146 bp which were confirmed by cDNA sequencing. A BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with the resulting coding sequence revealed that FUBT is similar to MFS drug resistance transporter genes. This determination was further evaluated by BLAST analysis with a constructed three-dimensional (3D) model using Phyre 2 (Kelley & Sternberg, 2009 ). These results (71 % coverage, 100 % confidence) predict the putative protein as a MFS transporter containing 12 membrane-spanning domains (data not shown).
Translate Tool (Expasy) predicts that FUBT encodes a 593 amino acid peptide with a deduced molecular mass of 65.1 kDa. An alignment of this sequence with other evaluated fungal transporters identified motifs commonly associated with 12 membrane-spanning MFS transporters (Fig. S2) . The putative transporters included in the alignment are cefT (GenBank accession number CAD32176) and cefM (GenBank accession number CAJ77895) from Acremonium chrysogenum (Teijeira et al., 2009; Ullán et al., 2002) , and ctb4 (GenBank accession number ABK64181) from Cercospora nicotianae (Choquer et al., 2007) . In silico analysis of the predicted amino acid sequence of FUBT using TMpred (Hofmann & Stoffel, 1993) predicted the location of 12 transmembrane segments. Other features of the MFS transporter family are five previously documented motifs (A, B, C, D 2 and G): IgxxxxxPvxP, GxLaDrxGrKxxI, IxxxRxxqGxgaa, gxxxGPxxGGxI and GxxxGPL, respectively (Paulsen & Skurray, 1993; Ullán et al., 2002) . These were also identified within the FUBT sequence. These results, coupled with the results from the BLAST analysis and 3D modelling, indicate that FUBT belongs to the MFS family of transporters.
Generation and confirmation of FUBT disruption transformants
Agrobacterium-mediated transformation of the WT strain resulted in the identification of three disruption mutants (A15, H19 and I31). These isolates underwent one round of single spore isolation to confirm purity and absence of the gene; the presence of the insert was confirmed by PCR (data not shown). These transformants were further evaluated by Southern blot analysis (Fig. 1a, b) . All three disruption transformants were lacking the 1290 bp band associated with the complete FUBT coding sequence, and contained the 894 bp band from the disruption cassette. Northern blot analysis confirmed lack of expression of FUBT in the disruption transformants (Fig. 1c) .
Role of FUBT in extracellular transport of FA
WT and the three confirmed disruption mutants were analysed for their ability to secrete FA. WT exhibited a lack of FA production in CDZ (10 mg zinc ml 21 ; Fig. 2a ) and normal production in CD (0.08 mg zinc ml
21
; Fig. 2b ). When FA was added to WT cultures in CDZ, FA concentration in the media did not change over 5 days (Fig. 2c) . In contrast, when FA was added to CD media, growth continued as normal and the concentration of FA after 5 days was approximately 200 mg ml 21 higher than when exogenous FA was not added (Fig. 2d) .
The disruption mutants behaved differently than WT, except in CDZ media. In CD, FA was not detected in the media for the mutants (Fig. 2b) after 24 h and approached zero after 96 h (Fig. 2c, d ).
These results indicate that FUBT is the sole mechanism for FA secretion, adding evidence to the hypothesis that the gene encodes a transporter. It also suggests the presence of another mechanism for FA to move into the cell.
Phenotypic analysis of disruption transformants
No measurable change in conidiation or conidial germination was observed in the FUBT transformants (data not shown). To determine if growth of the transformants is affected, WT and the three mutants were grown on agar plates and the diameter of the colonies were measured every 24 h. Three media were used in this experiment: CD, CDZ and PDA (Fig. 3) . When grown on PDA, there is no statistical difference between WT and the transporter mutants. However, on FA-inducing media (CD), the FUBT transformants had reduced growth when compared to WT over each measured time point. When 10 mg zinc ml 21 was included in the media (CDZ) to inhibit FA production, a difference in growth was observed, but this was smaller than growth without zinc. Although the decrease in growth was small, the difference on CD medium indicates that FA may still be synthesized by FUBT transformants, and without a mode of export, toxicity may result.
Because of the small decrease in growth under FA-inducing conditions, the intracellular concentration of FA was measured. HPLC analysis of cellular fractions from strains grown in CD (with and without FA) and CDZ (with FA) showed a decrease in intracellular FA in the disruption transformants when compared to WT (Fig. 4a) .
To further test the theory that disruption of FUBT results in decreased resistance to FA, isolates were grown on PDA supplemented with increasing amounts of FA to measure the resistance for each and to determine a maximum concentration tolerated for growth (Fig. 5) . A significant difference in growth was observed at the higher concentrations of FA. At 500 mg FA ml
21
, no growth was observed in the disruption isolates while the WT was capable of growth. Thus, there must be other mechanisms of resistance to FA in Fov. Previous work has demonstrated modification of FA into several related metabolites, and these may have an involvement in FA resistance (Crutcher et al., 2014; Niehaus et al., 2014) .
To test this hypothesis, the concentration of the previously identified FA derivative fusarinolic acid (HOFA) was (Fig. 2c, d) , correlated with an increase in HOFA within these same cultures (Fig. 6c, d) . Additionally, the lack of intracellular FA observed from extracted tissue samples (Fig. 4a) corresponded with an increase in the amount of HOFA measured (Fig. 4b) in the deletion mutants. Over time, WT and deletion transformant I31 both had measurable amounts of intracellular FA when grown in CDZ+FA (Fig. 7) . At later time points, WT had significantly more FA than I31. At the same time, HOFA was detected in I31 tissue but not WT. Further testing with culture filtrate of mutant I31 demonstrated that culture filtrate itself was not able to convert FA to HOFA (data not shown).
Real-time qPCR analysis of FA biosynthesis genes
To determine the effect of deletion of FUBT on FA biosynthesis genes, real-time qPCR was performed to compare the expression of FUB1 (PKS) and FUB4 (serine hydrolase) between WT and the three FUBT deletion mutants. This analysis demonstrated that there was no significant difference in the expression levels among the four strains for both genes (Fig. 8) .
DISCUSSION
Toxins are commonly produced by plant-pathogenic fungi and may act as specific or non-specific host factors. FA is a non-specific toxin to many plant and microbial species. The disruption of the PKS gene required for FA production in Fov resulted in a decrease of wilting symptoms in cotton, suggesting that FA is a virulence factor . In cotton, 50 mg FA ml 21 causes wilting symptoms (A. A. Bell, unpublished) whereas in tomato, 150 mg FA ml 21 is necessary to cause similar wilting (Gäumann et al., 1952) . This is consistent with early observations that cotton is particularly sensitive to FA compared to other plant species (Gaumann, 1957) . The Fov biotype from Australia and Fov race 4 from California produce more than 1000 mg FA ml 21 in culture filtrate (J. Liu and others, unpublished) . These high FA producing strains coupled with the sensitivity of cotton to FA are a cause of great concern to the cotton producing community, therefore, understanding the mechanisms of FA synthesis has become the focus of recent studies.
Although some of the genes responsible for the biosynthesis of FA have been characterized, prior to this study, the mechanism for FA secretion was unknown. A putative MFS transporter gene was identified 11 genes downstream from the PKS gene responsible for FA synthesis in Fov. Transformants with the disrupted FUBT gene lacked secretion of FA into the culture filtrate. When FA was added exogenously to culture media of these transformants, the concentration of FA decreased to zero over the next 72 h. These data indicate that FA may be entering cells by a mechanism independent of the transporter. Other secondary metabolites, such as gliotoxin, have the ability to traverse the plasma membrane, and in mammalian cells are involved in the buildup of the toxin intracellularly (Gardiner et al., 2005b) . However, the exact mechanism for this phenomenon is still unexplored.
The accumulation of FA in the mycelium of the transformants might be responsible for growth differences between the WT and mutant strains under FA biosynthesis conditions. However, FUBT transformants produced little or no intracellular FA with the WT producing anywhere from 75-350 mg FA ml
21
, depending on the conditions tested. A reduction in expression of the FA biosynthetic genes may have been responsible for this observation, so this idea was explored further. Real-time qPCR analysis of FUB1 (polyketide synthase) and FUB4 (serine hydrolase) in WT and the transporter mutants measured no significant change in expression of these genes when grown in FA induction media (CD), indicating that the repression of FA production occurs somewhere downstream of the PKS and serine hydrolase gene transcriptions. There was a large variation observed in the expression of both genes, however, this variation was also observed in the intracellular FA concentration measured in WT, so it was not entirely unexpected.
In other fungi, secondary metabolite transporters have served as a form of self-resistance to the toxin (Alexander et al., 1999; Callahan et al., 1999; Pitkin et al., 1996) . This appears to also be the case with FUBT, since transformants were differentially inhibited by FA in high concentrations (¢400 mg ml
) with no growth at 500 mg ml 21 . The WT isolate AuK24232 produced more than 1000 mg FA ml invoked in the presence of exogenous FA when the FUBT is deleted, since transformants still tolerated 200-300 mg FA ml 21 in culture media.
Consistent with this hypothesis, HOFA production occurred after supplementation with FA in deletion transformants. Thus, the fungus may alter the structure of FA into potentially less toxic compounds such as HOFA, which has less toxicity than FA in plant tissues . Nonetheless, at concentrations of 400 mg ml 21 and higher, this secondary resistance mechanism is not efficient enough to keep the intracellular FA concentration at low levels, resulting in toxicity. This reaction did not occur over the course of 96 h in purified culture filtrate (data not shown) suggesting that this reaction occurs within the cell and that HOFA has a separate mechanism of secretion, independent of FUBT.
Previously, expression analysis of genes surrounding FUB1 indicated that only five genes were involved in FA biosynthesis (Brown et al., 2012; Niehaus et al., 2014) .
FUBT is located 11 genes from the PKS gene, which is farther than any gene previously associated with FA. The function of the putative genes between FUB5 and FUBT in FA metabolism should be reconsidered. Metabolites related to FA are produced by Fusarium species; these metabolites include dehydrofusaric acid and HOFA (Niehaus et al., 2014) . Genes within the potentially expanded cluster may be responsible for the detoxification of FA, as well as its synthesis.
In summary, we identified a putative MFS transporter gene, FUBT, in proximity to the FA biosynthesis genes in Fov. The coding sequence of this gene was disrupted and the ability of the transformants to secrete FA was measured. The absence of FA in culture filtrates of FUBT disruption strains, its similarity to other polyketide efflux pumps, and its proximity to FA biosynthesis genes suggest that the FUBT product is the sole secretory mechanism of FA across the plasma membrane in F. oxysporum. Evidence also suggests two levels of self-resistance of Fov to FA, the active transport of FA from the cell and the conversion of FA to less toxic derivatives.
